Background: It has been proposed that negative pressure wound therapy (NPWT) applied prophylactically to a closed incision may decrease the incidence of wound complications. Patients undergoing reduction mammaplasty are at risk of wound complications such as delayed healing, infection, and dehiscence, and the bilateral nature of the surgery allows for a within-patient randomized study to evaluate incisional NPWT's effect in reducing healing complications. Methods: In this multicenter trial, 200 patients undergoing bilateral reduction mammaplasty were treated with PICO Single-Use NPWT System or standard wound-care dressings randomized to right or left breast for up to 14 days to enable within-patient comparison. Follow-up assessments were conducted to evaluate the difference in incision healing complications up to 21 days postsurgery. Healing complications (for the primary endpoint) were defined as delayed healing (incision not 100% closed by 7 days) and occurrence of dehiscence or infection within 21 days. Individual healing complications were assessed separately as secondary endpoints. Results: Significantly fewer healing complications (primary endpoint) were noted in NPWT-treated breasts [113 (56.8%)] versus standard care [123 (61.8%)]. The difference of 10 (5.0%) patients with fewer healing complications using NPWT was statistically significant (P = 0.004). NPWT also resulted in a significantly lower incidence of dehiscence (secondary endpoint) compared with standard care [32 patients (16.2%) versus 52 patients (26.4%)] by day 21, a relative reduction of 38% (P < 0.001). Conclusions: This is the first major prospective, within-patient, randomized, controlled, multicenter study to provide evidence for an incisional NPWT strategy to reduce healing complications.
Original article INTRODUCTION Breast reduction or "reduction mammaplasty" is one of the most common procedures carried out by plastic surgeons, with more than 103,077 women in the United States alone undergoing the procedure in 2015 for significant breast hypertrophy, and a further 148,967 for breast-lift surgery. 1 Patients with symptomatic macromastia experience both physical and psychosocial issues including back, neck, and shoulder pain, and low self-esteem. Several studies have demonstrated breast reduction surgery to be a safe and effective procedure offering long-term relief for most patients and improving quality of life. [2] [3] [4] Despite women undergoing breast-reduction surgery being generally young and healthy, postoperative complications are relatively common, with reported overall complication rates after breast-reduction surgery as high as 53%. 2, 5 Most complications are minor, requiring minimal intervention, but some patients require hospital readmission, endure discomfort from nonhealing wounds with scar formation, and may require surgical revision.
Negative-pressure wound therapy (NPWT) is most widely known for managing complex open wounds, where it is deployed to progress nonhealing wounds to a point of being ready for closure, either surgically or through secondary intention. [6] [7] [8] However, growing evidence suggests NPWT may also offer significant benefits to closed incisions. [9] [10] [11] [12] [13] [14] [15] The present study aimed to investigate the potential of a single-use NPWT device in preventing composite wound morbidity (infection, dehiscence, and delayed wound healing) compared with standard care (SC) in patients undergoing bilateral reduction mammaplasty. The bilateral nature of the surgery offers optimal clinical conditions to undertake a direct comparison of the 2 treatment arms on the same patient. The effects of NPWT on the medium-term aesthetic appearance and quality of the resultant scar compared with SC were also assessed and will be reported elsewhere.
PATIENTS AND METHODS

Bilateral Randomization
A multicenter study was conducted across 6 sites: United States (n = 3), France (n = 1), South Africa (n = 1), and The Netherlands (n = 1). Two hundred eleven patients (n = 211) who were undergoing elective bilateral breast reduction were recruited from the population routinely seen by the investigators between June 1, 2012, and April 9, 2014. Ethics approval was first obtained at the institution of the principal investigator (R.D.G.), institutional review board at Northwestern University, Chicago, (STU00062369 -5/22/2012), and at each of the other sites. Before entry into the study, all patients signed informed consent forms. Treatment randomization was within-patient (i.e., right or left breast) via a central Web site, www.SealedEnvelope.com. NPWT covered the horizontal portion and junction of the inverted "T" incision. Surgeons were free to choose the pedicle technique appropriate for their patient.
Sample Size
Sample size calculations showed that 197 patients would be required to detect an absolute difference of 10% in the complication rate between bilateral breasts treated either with NPWT or SC dressings, assuming 20% of wounds treated with SC dressings and 10% of wounds treated with NPWT develop a healing complication (a 50% reduction) and that there were 26% discordant pairs. This is on the basis of a 2-sided McNemar's test at the α = 5% level of significance and 80% power. The sample size was rounded up to 200.
Inclusion and Exclusions
Women aged > 18 years who had undergone elective surgery for bilateral reduction mammaplasty and having postsurgical incisions of similar length on each breast were included in the study. Presurgical exclusion criteria included pregnancy or lactation, using steroids or other immune modulators known to affect healing, history of radiation of the breast, tattoos in the area of the incision, skin conditions such as cutis laxa that would result in poor healing or widened scars, patients with a known significant history of scar problems (i.e., hypertrophic scarring or keloids), and known allergies to product components. Postsurgical exclusion criteria were incisions still actively bleeding and incisions > 12 inches (30 cm) maximum linear dimension.
NPWT Intervention and SC
The NPWT device was PICO (Smith & Nephew Medical Limited, Hull, United Kingdom), a portable, singleuse (disposable after 7 days) NPWT system delivering ˗80 mm Hg (nominal) negative pressure to the wound surface. 16, 17 Figure 1 shows the PICO device and a patient with the NPWT system in place ( Fig. 1 ). Treatment commenced on day 0 and lasted up to 14 days. The pump has a 7-day lifespan, and the associated PICO NPWT dressing is left in place up to 7 days. Each PICO kit comes with 2 NPWT dressings, so, according to the needs of the individual patient and the level of exudate, dressing changes were permitted before 7 days at the investigator's clinical judgment. Participating physicians were advised to discontinue treatment on day 14 and return patients to SC (see below) if the incision was still not closed at this time point. The recommended comparator treatment (SC) was 3M STERI-Strip (3M Health Care, St. Paul, Minn.). STERI-Strips were placed along the entire axis Wound assessments were carried out at dressing application (day 0), first dressing change (3-7 days), and any subsequent dressing changes, and at the day 21, 42, and 90 follow-up assessments.
In some centers, 1 surgeon performed both procedure and the closure; in other centers, attending physicians were involved either with closure or with surgery and closure with 1 breast. The maximum level of experience (including attending surgeon, assistant surgeon, and resident) was similar in both treatment and SC groups (median 11 years, mean 13.2 NPWT, and 12.0 SC). Use of drains was according to individual practice and uniform across both breasts: actual data = NPWT 80.9% and SC 80.4% breasts received a drain.
Study Endpoints
The primary objective was to assess whether an incision developed healing complications within 21 days of surgery for both incisional NPWT and the comparator dressing. A healing complication was defined as presence of at least one of the following conditions: infection (superficial or deep), dehiscence (partial, superficial, or deep), or delayed healing (incision not 100% closed within 7 days of the first surgical procedure). Secondary objectives were to assess the number and type of these complications individually including other postsurgical complications: skin necrosis, nipple and areola necrosis, cellulitis, abscess, suture abscess, or hematoma occurring within 21, 42, and 90 days postoperatively. Aesthetic appearance and scar quality were also assessed at 42 and 90 days and, for a subset of patients from a single center, scar quality was analyzed up to 1 year. The scar results will be reported separately elsewhere.
RESULTS
Patient Demographics
Two hundred patients were recruited into the study. Figure 2 shows participant flows. One patient withdrew before the first assessment. In total, 185 patients (92.5%) completed the day 21 assessment, and 178 (89%) completed the full 90-day study. Table 1 shows patient demographics. Overall, the patient population was relatively young (mean age, 35.7 years), and their general health was good. Of the 199 patients in the full analysis set, only 10 (5.0%) declared being smokers and 6 (3.0%) suffered from diabetes (all type 2). Most patients (70.9%; n = 141) were classed as "a normal healthy patient" by the American Society of Anesthesiology Physical Status Score. Slightly fewer than half of patients had a body mass index (BMI) > 30 kg/m 2 . Incision lengths were similar between treatment groups and centers (horizontal: NPWT mean 24.1 cm, SC mean 23.9 cm; vertical: NPWT mean 7.3 cm, SC mean 7.2 cm). Ease of application, comfort, and acceptability during wear were also assessed; SC and NPWT were very similar (data not shown).
The Effect of NPWT on Wound-Healing Complications
Differences between breast incisions treated with NPWT and SC for both primary and secondary endpoints are compared in Figure 3 . Use of NPWT on closed incisions resulted in a significant reduction in woundhealing complications within 21 days of surgery: 56.8% of NPWT-treated incisions (n = 113) experienced wound complications compared with 61.8% (n = 123) treated Fig. 1 . a, the PicO nPWt pump is lightweight (80 g) and measures 64 mm × 68 mm × 21 mm. it delivers ˗80 mm Hg and lasts for 7 days. there is no exudate canister and it is battery-powered. exudate evaporates from the upper surface of the multilayer nPWt dressing, which transmits negative pressure across the surface of the wound. B, a patient from the trial randomized to receive PicO to the right breast following the reduction procedure. the dressing covers the entire lower incision, the t-junction, and much of the vertical incision except the nipple.
with SC (P = 0.004). The overall level of healing complications for SC (61.8%) seems high when compared with figures reported in the literature. 2, 5 In this study, delayed healing, which contributed to the primary endpoint of wound complications within 21 days, was defined as a wound not closed with 100% epithelialization within 7 days of surgery. In practice, however, an incision could not be assumed to be closed if a patient failed to attend an assessment within 7 days of surgery. Therefore, any incision not assessed within 7 days was defined as having delayed healing and classed as a healing complication, even if the wound may, in fact, have been 100% closed. A sensitivity analysis aiming to address this issue was added to the analysis protocol so the time point for the delayed healing component was changed from 7 days to 10 days after surgery. By this point, all patients should have returned for at least 1 visit and have complete information regarding wound closure. The sensitivity analysis supports the theory that the frequency of delayed wound healing was overestimated. Using the sensitivity analysis definition of delayed wound healing within 10 days (all other complications within 21 days), the total number of complications fell from 123 (61.8%) to 89 (44.7%) in SC-treated incisions, and compares more closely to complication rates reported elsewhere. 18 The treatment effect was maintained in the sensitivity analysis, with NPWT resulting in a 5% absolute reduction or 10 fewer patients (39.7%, n = 79) experiencing a wound complication within 21 days (P = 0.033).
The Effect of NPWT on Wound Dehiscence
In addition to the primary variable, the effects of NPWT were assessed on a range of specific complication secondary endpoints. Figure 3 shows that NPWT significantly reduced the incidence of wound dehiscence within 21 days of surgery (Fig. 3) . In total, 16.2% of NPWT-treated incisions (n = 32) experienced dehiscence (partial, superficial, or deep) compared with 26.4% (n = 52) treated with SC [P < 0.001, 95% confidence interval (CI) of the difference, 5.1-15.9]. The difference of 20 fewer patients (10.2%) represents a relative reduction in dehiscence of 38% as a result of incisional NPWT. There were 4 (2.0%) NPWT-treated incisions that developed infection (superficial or deep) compared with 6 (3.0%) treated with SC within 21 days of surgery. The difference of 2 patients (1.0%) with fewer infections on NPWT treatment was not statistically significant (P = 0.532; 95% CI, −1.9 to 4.3) and, naturally, the numbers were low. It is clear that, in this study, the major complication in breast reduction driving the significant difference in the primary endpoint is dehiscence (rather than infection) and that the application of incisional NPWT was successful in reducing the frequency of this complication.
Superficial dehiscence was the most common form of dehiscence observed in the SC group (n = 35; 17.8%), followed by partial (n = 19; 9.6%), then deep dehiscence (n = 6; 3%). NPWT resulted in a significant reduction in both superficial dehiscence (n = 22; 11.2%) and partial dehiscence (n = 7; 3.6%). The rate of deep dehiscence in the NPWT-treated group was 3% (n = 3), compared with 6% in SC, but did not reach significance with such low numbers. The effects of NPWT on dehiscence rates could be observed as far out as 42 days after surgery. Figure 4 shows the proportion of dehisced wounds at 21, 42, and 90 days (Fig. 4) . Figure 5 shows one of the patients who suffered deep dehiscence on the SC side but not on the NPWT-treated breast (Fig. 5) . The dehisced wound remained unhealed at day 90. 
Patient Risk Factors for Wound Complications
It has been noted by many authors that a greater mass of tissue resected in reduction mammaplasty is associated with an increased incidence of wound complications. [18] [19] [20] [21] Data were captured for some of the common risk factors associated with reduction mammaplasty in the present study, including smoking, diabetes, high BMI, and high tissue resection weight. The numbers of patients reported to be diabetic (n = 6) or smokers (n = 10) were too few to make any associations with outcomes. Figure 6 shows that NPWT appeared to have the greatest effect on dehiscence in the higher BMI categories (Fig. 6 ). Figure 7 shows that, although there is an increasing likelihood of a dehiscence in higher weights of tissue resection, the effects of NPWT were similar across all resection categories (Fig. 7) . The effect of NPWT on preventing skin necrosis was noteworthy, despite it occurring infrequently in the study: 9/197 patients (4.6%) suffered skin necrosis within 21 days postsurgery, 7 (3.6%) instances of which occurred only in the incisions treated with SC, whereas 2 (1.0%) patients developed skin necrosis on both incisions (NPWT and SC; P = 0.008). Six of the 9 patients developing skin necrosis were found to be in the highest BMI category (≥ 30 kg/ m 2 ), and 4/9 were in the highest tissue resection weight category (≥ 1,500 g). Data from the analysis of nipple and areola necrosis, hematoma, seroma, abscesses, suture abscesses, or extrusions, and details of serious adverse events are in Supplemental Digital For the sensitivity analysis, the definition of delayed healing was changed from 7 to 10 days after surgery, with the aim that all patients should have returned for at least 1 visit at this point and we would therefore have complete information regarding closure. Using this cutoff, the results remained statistically significant [n = 79, 39.7% versus 89, 44.7% for nPWt and Sc, respectively; treatment difference 5% (95% ci, 0.4-10.1); P = 0.033]. 
Adverse Events
The number of patients reporting a serious adverse event was n = 7 (3.5%) in the SC-treated incisions compared with n = 2 (1.0%) in NPWT-treated incisions. No adverse events were found to have a relationship to the device (NPWT or SC).
DISCUSSION
The aim of the study was to investigate the potential of single-use incisional NPWT as a treatment modality for prevention of wound complications (delayed wound healing, dehiscence, and infection) following reduction mammaplasty. The relatively common bilateral procedure, with a high rate of non-life-threatening complications, provides an opportunity to conduct a within-patient randomized study. The total number of complications within 21 days (including delayed healing up to 10 days as per the sensitivity analysis) fell from 44.7% in incisions treated with SC to 39.7% in incisions treated with NPWT (P = 0.033). Clinically more significant were those women experiencing dehiscence that could be of substantial impact, as the example in Figure 5 shows. NPWT significantly reduced the incidence of wound dehiscence within 21 days of surgery: 16.2% of NPWT-treated incisions (n = 32) experienced dehiscence (partial, superficial, or deep) compared with 26.4% (n = 52) treated with SC (P < 0.001), resulting in a difference of 20 fewer patients (10.2% or 38% rela-tive reduction) sustaining a wound dehiscence as a result of NPWT treatment. The effects of NPWT on dehiscence rates could be observed as far out as 42 days after surgery [19.3% (n = 38) versus 29.4% (n = 58), P < 0.001].
Avoiding tension at the T-junction between horizontal and vertical incisions remains a basic goal in the design and closure of breast incisions. It is thought that one of the key mechanisms of action of NPWT over closed incisions is to minimize lateral tension. Reductions in lateral tension with incisional NPWT have been demonstrated using computer modeling and in vitro measurements in both the PICO 22 and other devices. 23 Animal studies have demonstrated increased breaking strength of wounds following the application of NPWT to closed incisions. 24, 25 Other potential mechanisms to explain this vulnerary effect are the ability of incisional NPWT to enhance tissue perfusion, which can be impaired at the T-junction site and flap edges in breast-reduction procedures, and the reduction of incisional edema, which is common to all surgical procedures and can further impede perfusion at the edges of the incision. It is notable that NPWT appeared to provide particular benefit in preventing wound complications in the higher tissue resection weight categories and in patients with higher BMI. There is, therefore, support for the concept that perhaps a combination of edema reduction, improved tissue perfusion, and minimizing lateral tension is key to NPWT's mechanism of action in preventing complications when larger amounts of tissue are resected. Based on the present study, it would appear that there are certainly grounds for considering such devices in mammaplasty where BMI is above 25 (Fig. 6 ) or resection weight is above 500 g (Fig. 7) .
The ideal duration to apply incisional NPWT is presently unknown. Many studies have used between 3 and 7 days. [10] [11] [12] In the present study, sites could use up to 14 days. At most sites, overall duration of NPWT treatment was a median of 7 days (mean, 10.9 days). However, at site 5, a further NPWT treatment was nearly always applied even if the incision was closed or almost closed, so, in these patients, NPWT treatment duration (closed wounds) was median 14 days (mean, 14.3 days). A sensitivity analysis was performed to see if the primary endpoint was different with or without data from site 5. The size of the overall treatment difference was slightly reduced if the overall data excluded site 5 but the result remained significant. Thus, there was no indication of a difference between 7 and 14 days' use, but this remains a topic for further research (analysis shown in the Supplemental Digital Content 1).
One limitation of the current study is that treatment could not be blinded. The use of a sham device would have been a possibility, but it would still have been obvious to the patient and physician which device was in operation. With these limitations in mind, the achievement of a statistically significant reduction in healing complications, in particular dehiscence, translates to significant clinical benefits when placed in context of the large number of breast-reduction procedures performed each year and provides high-level evidence supporting utilization of incisional NPWT in susceptible patients. 
